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The Bu,d,s → V,A form factors are studied in perturbative QCD approach (V,A denote a vector
meson and two kinds of p-wave axial-vector mesons: 3P1 and
1P1 states, respectively.). The form
factors are directly studied in the large recoiling region and extrapolated to the whole kinematic
region within the dipole parametrization. Adopting decay constants with different signs for the
two kinds of axial-vectors, we find that the two kinds of B → A form factors have the same sign.
The two strange mesons K1A and K1B mix with each other via the SU(3) symmetry breaking
effect. In order to reduce the ambiguities in the mixing angle between K1A and K1B , we propose
a model-independent way that utilizes the B decay data. Most of the branching fractions of the
semilteptonic B → Alν¯l decays are of the order 10
−4, which still need experimental tests in the
on-going and forthcoming experiments.
I. INTRODUCTION
In rare charmlessB decays, the main experimental observables are branching ratios and CP asymmetries. To predict
these quantities, one needs to compute the hadronic decay amplitudes. Since hadronizations are involved in these
decay channels, predictions on these observables are often polluted by our poor knowledge of the non-perturbative
QCD. But fortunately, it has been shown that in mb →∞ limit, the decay amplitudes are under control. For example,
if the recoiling meson in the final state moves very fast, a hard gluon is required to kick the soft light quark in B
meson into a collinear one and then the process is calculable. Keeping quarks’ transverse momentum, the perturbative
QCD (PQCD) approach [1] is free of endpoint divergence and the Sudakov formalism makes it more self-consistent. A
bigger advantage is that we can really do the form factor calculation and the quantitative annihilation type diagram
calculation in this approach. The importance of annihilation diagrams is already tested in the predictions of direct
CP asymmetries of B0 → π+π−, K+π− decays [1, 2] and in the explanation of B → φK∗ polarization problem [3, 4].
In the quark model, the possible quantum numbers JPC for the orbitally excited axial-vector mesons are 1++
or 1+−, depending on different spin couplings of the two quarks. In the SU(3) limit, these mesons can not mix
with each other; but since the s quark is heavier than u, d quarks, K1(1270) and K1(1400) are not purely 1
3P1 or
11P1 states. These two mesons are believed to be mixtures of K1A and K1B, where K1A and K1B are
3P1 and
1P1
states, respectively. Analogous to η and η′, the flavor-singlet and flavor-octet axial-vector meson can also mix with
each other. In general, the mixing angles can be determined by experimental data, but unfortunately, there is not
too much data on these mesons which leaves the mixing angles much free. The B meson decays offer a promising
opportunity to investigate these axial-vector mesons. Since the observation of the B → J/ψK1 [5] and D∗a1(1260) [6]
decays, there are more and more experimental studies on B meson decays involving a p-wave axial-vector meson in
the final state [7]. In the present work, we use the PQCD approach to study the B → A form factors and semileptonic
B → Alν¯ decays. As a byproduct, we also update the predictions on B → V form factors in the PQCD approach.
In the large recoiling region, the B → A form factors are directly predicted using the most recent inputs evaluated
in the QCD sum rules [8, 9]. We also extrapolate the form factors to the whole kinematic region by adopting the
dipole parametrization to investigate the semileptonic B → Alν¯ decays. Using the B¯0 → D+K1A and B¯0 → D+π−
decays, we also propose a model-independent method to remove the ambiguity in the mixing between the two strange
2axial-vector mesons.
This paper is organized as follows: In section II, we give the input quantities, including wave function of the B-
meson, light-cone distribution amplitudes of the light vector mesons and light axial-vector mesons and input values
of the various mesonic decay constants. In section III, we give the factorization formulae and the numerical results
for the B → V and B → A form factors, discuss the mixing between the strange axial-vector mesons and make the
predictions on the semileptonic B → Alν¯l decays. Our summary is given in the last section. Appendix A contains
various functions that enter the factorization formulae in the PQCD approach.
II. FORMALISM OF THE PQCD APPROACH AND INPUTS
We will work in the rest frame of the B meson and use light-cone coordinates. In the heavy quark limit the mass
difference between b quark and B meson is negligible: mb ≃ mB. Masses of axial-vector mesons are very small
compared with the b quark mass, we keep them up to the first order. Since the light(vector/axial-vector) meson in
the final state moves very fast in the large-recoil region, we define its momentum mainly on the plus direction in the
light-cone coordinates. The momentum of B meson and light mesons can be denoted as
PB(s) =
mB(s)√
2
(1, 1, 0⊥) , P2 =
mB(s)√
2
(η,
r22
η
, 0⊥) , (1)
where r2 ≡ mV/AmB(s) , with mV/A as the mass of the vector or axial-vector meson. For the momentum transfer q =
PB(s) −P2, there exists η ≈ 1− q2/m2B(s) . The momentum of the light antiquark in B(s) meson and the quark in light
mesons are denoted as k1 and k2 respectively(see Fig.1):
k1 = (0,
mB(s)√
2
x1,k1⊥) , k2 = (
mB(s)√
2
x2η, 0,k2⊥) . (2)
In the course of the PQCD calculations, the light-cone wave functions of the mesons are required. The B meson is
a heavy-light system, whose light-cone matrix element can be decomposed as:∫ 1
0
d4z
(2π)4
eik1·z〈0|bβ(0)q¯α(z)|B¯(s)(PB(s))〉
=
i√
2Nc
{
(6PB(s) +mB(s))γ5
[
φB(s)(k1) +
6n− 6v√
2
φ¯B(s)(k1)
]}
βα
, (3)
where n = (1, 0,0T ) and v = (0, 1,0T ) are light-like unit vectors. There are two Lorentz structures in B meson
light-cone distribution amplitudes, and they obey the normalization conditions:∫
d4k1
(2π)4
φB(s)(k1) =
fB(s)
2
√
2Nc
,
∫
d4k1
(2π)4
φ¯B(s)(k1) = 0, (4)
with fB(s) as the decay constant of B(s) meson. In principle, both the φB(s)(k1) and φ¯B(s)(k1) contribute in B meson
transitions. However, the contribution of φ¯B(s)(k1) is usually neglected, because its contribution is numerically small
[11]. So we will only keep the term with φB(s)(k1) in equation (3). In the momentum space the light cone matrix of
B meson can be expressed as:
ΦB(s) =
i√
6
(6PB(s) +mB(s))γ5φB(s)(k1). (5)
Usually the hard part is independent of k+ or/and k−, so we integrate one of them out from φB(s)(k
+, k−,k⊥). With
b as the conjugate space coordinate of k⊥, we can express φB(s)(x,k⊥) in b-space by
ΦB(s),αβ(x, b) =
i√
2Nc
[ 6PB(s)γ5 +mB(s)γ5]αβ φB(s)(x, b), (6)
3TABLE I: Input values of the decay constants for the vector mesons (in MeV)
fρ f
T
ρ fω f
T
ω fK∗ f
T
K∗ fφ f
T
φ
209± 2 165 ± 9 195± 3 151± 9 217 ± 5 185± 10 231± 4 186± 9
where x is the momentum fraction of the light quark in B meson. In this paper, we use the following expression for
φB(s)(x, b):
φB(s)(x, b) = NB(s)x
2(1− x)2exp
[
−
m2B(s)x
2
2ω2b
− 1
2
(ωbb)
2
]
, (7)
with NB(s) the normalization factor, which is determined by equation (4). In recent years, a lot of studies for B
±
and B0d decays have been performed by the PQCD approach. With the rich experimental data, the ωb in (7) is fixed
as 0.40GeV [1, 2, 3, 11]. In our calculation, we adopt ωb = (0.40 ± 0.05)GeV and fB = (0.19 ± 0.025)GeV for B
mesons. For Bs meson, taking the SU(3) breaking effects into consideration, we adopt ωb = (0.50± 0.05)GeV[18] and
fBs = (0.23± 0.03)GeV.
Decay constants of vector mesons are defined by:
〈0|q¯1γµq2|V (P2, ǫ)〉 = fVmV ǫµ, 〈0|q¯1σµνq2|V (P2, ǫ)〉 = ifTV (ǫµP2ν − ǫνP2µ). (8)
The longitudinal decay constants of charged vector mesons can be extracted from the decay τ− → (ρ−,K∗−)ντ [12].
Neutral vector meson’s longitudinal decay constants can be determined by their electronic decay widths through
V 0 → e+e− and the results are given in Table I. Transverse decay constants are mainly explored by QCD sum
rules [13], which are also collected in Table I.
The vector meson polarization vectors ǫ, which satisfy P · ǫ = 0, include one longitudinal polarization vector ǫL and
two transverse polarization vectors ǫT . The vector meson distribution amplitudes up to twist-3 are defined by:
〈V (P2, ǫ∗L)|q¯2β(z)q1α(0)|0〉 =
1√
2Nc
∫ 1
0
dxeixP2·z
[
mV 6ǫ∗LφV (x)+ 6ǫ∗L 6P2φtV (x) +mV φsV (x)
]
αβ
,
〈V (P2, ǫ∗T )|q¯2β(z)q1α(0)|0〉 =
1√
2Nc
∫ 1
0
dxeixP2·z
[
mV 6ǫ∗TφvV (x)+ 6ǫ∗T 6P2φTV (x)
+mV iǫµνρσγ5γ
µǫ∗νT n
ρvσφaV (x)]αβ , (9)
for the longitudinal polarization and transverse polarizations, respectively. Here x is the momentum fraction associated
with the q2 quark. n is the moving direction of the vector meson and v is the opposite direction. These distribution
amplitudes can be related to the ones used in QCD sum rules by:
φV (x) =
fV
2
√
2Nc
φ||(x), φtV (x) =
fTV
2
√
2Nc
h
(t)
|| (x),
φsV (x) =
fTV
4
√
2Nc
d
dx
h
(s)
|| (x), φ
T
V (x) =
fTV
2
√
2Nc
φ⊥(x),
φvV (x) =
fV
2
√
2Nc
g
(v)
⊥ (x), φ
a
V (x) =
fV
8
√
2Nc
d
dx
g
(a)
⊥ (x). (10)
The twist-2 distribution amplitudes can be expanded in terms of Gegenbauer polynomials C
3/2
n with the coefficients
called Gegenbauer moments an:
φ||,⊥(x) = 6x(1− x)
[
1 +
∞∑
n=1
a||,⊥n C
3/2
n (t)
]
, (11)
4TABLE II: Input values of the decay constants (absolute values) for the axial-vector mesons (in MeV). The transverse decay
constants for 1P1 are evaluated at µ = 1 GeV.
fa1(1260) ff1(13P1) ff8(13P1) fK1A f
T
b1(1235)
fTh1(11P1) f
T
h8(11P1)
fTK1B
238± 10 245± 13 239± 13 250± 13 180 ± 8 180± 12 190± 10 190 ± 10
where t = 2x− 1. The Gegenbauer moments a||,⊥n are mainly determined by the technique of QCD sum rules. Here
we quote the recent numerical results [14, 15, 16, 17] as
a
‖
1(K
∗) = 0.03± 0.02, a⊥1 (K∗) = 0.04± 0.03, (12)
a
‖
2(ρ) = a
‖
2(ω) = 0.15± 0.07, a⊥2 (ρ) = a⊥2 (ω) = 0.14± 0.06, (13)
a
‖
2(K
∗) = 0.11± 0.09, a⊥2 (K∗) = 0.10± 0.08, (14)
a
‖
2(φ) = 0.18± 0.08, a⊥2 (φ) = 0.14± 0.07, (15)
where the values are taken at µ = 1 GeV.
Using equation of motion, two-particle twist-3 distribution amplitudes are related to the twist-2 LCDAs and the
three-particle twist-3 LCDAs. But in some B → V V decays, there exists the so-called polarization problem. A
reasonable way has been suggested to resolve this problem in the PQCD approach: one needs to adopt the asymptotic
LCDAs. As in Ref. [18], we use the asymptotic forms for the twist-3 LCDAs:
h
(t)
‖ (x) = 3t
2, h
(s)
|| (x) = 6x(1 − x), (16)
g
(a)
⊥ (x) = 6x(1− x), g(v)⊥ (x) =
3
4
(1 + t2). (17)
For the axial-vectors, the longitudinal and transverse decay constants are defined by:
〈A(P2, ǫ)|q¯2γµγ5q1|0〉 = ifAmA ǫ∗µ, 〈A(P2, ǫ)|q¯2σµνγ5q1|0〉 = fTA (ǫ∗µP2ν − ǫ∗νP2µ). (18)
In the SU(2) limit, due to G-parity invariance, the longitudinal[transverse] decay constants vanish for the non-strange
1P1[
3P1] states. This will affect the normalization for the corresponding distribution amplitudes which will be discussed
in the following. For convenience, we take f3P1 ≡ f [fT1P1(µ = 1 GeV) ≡ f ] as the “normalization constant”. The
decay constants of axial vector mesons shown in table II are taken from Ref. [8, 9].
Distribution amplitudes for axial-vectors with quantum numbers JPC = 1++ or 1+− are defined by:
〈A(P2, ǫ∗L)|q¯2β(z)q1α(0)|0〉 =
−i√
2Nc
∫ 1
0
dxeixp·z
[−mAγ5 6ǫ∗LφA(x)− 6ǫ∗L 6P2γ5φtA(x) −mAγ5φsA(x)]αβ ,
〈A(P2, ǫ∗T )|q¯2β(z)q1α(0)|0〉 =
−i√
2Nc
∫ 1
0
dxeixp·z
[−mAγ5 6ǫ∗TφvA(x)− 6ǫ∗T 6P2γ5φTA(x)
−mAiǫµνρσγµǫ∗νT nρvσφaA(x)]αβ . (19)
Besides the factor iγ5 from the left hand, axial-vector mesons’ distribution amplitudes can be related to the vector
ones by making the following replacement:
φV → φA, φtV → φtA, φsV → φsA,
φTV → φTA, φvV → φvA, φaV → φaA. (20)
5TABLE III: Gegenbauer moments of φ⊥ and φ|| for 1
3P1 and 1
1P1 mesons evaluated in Ref. [9], where the values are taken at
µ = 1 GeV.
a
||,a1(1260)
2 a
||,f
3P1
1
2 a
||,f
3P1
8
2 a
||,K1A
2 a
||,K1A
1
−0.02 ± 0.02 −0.04± 0.03 −0.07 ± 0.04 −0.05± 0.03 0.00± 0.26
a
⊥,a1(1260)
1 a
⊥,f
3P1
1
1 a
⊥,f
3P1
8
1 a
⊥,K1A
1 a
⊥,K1A
0 a
⊥,K1A
2
−1.04 ± 0.34 −1.06± 0.36 −1.11 ± 0.31 −1.08± 0.48 0.08 ± 0.09 0.02± 0.20
a
||,b1(1235)
1 a
||,h
1P1
1
1 a
||,h
1P1
8
1 a
||,K1B
1 a
||,K1B
0 a
||,K1B
2
−1.95 ± 0.35 −2.00± 0.35 −1.95 ± 0.35 −1.95± 0.45 0.14 ± 0.15 0.02± 0.10
a
⊥,b1(1235)
2 a
⊥,h
1P1
1
2 a
⊥,h
1P1
8
2 a
⊥,K1B
2 a
⊥,K1B
1
0.03 ± 0.19 0.18± 0.22 0.14 ± 0.22 −0.02± 0.22 0.17± 0.22
These distribution amplitudes can be related to the ones calculated in QCD sum rules by:
φA(x) =
f
2
√
2Nc
φ||(x), φtA(x) =
f
2
√
2Nc
h
(t)
|| (x),
φsA(x) =
f
4
√
2Nc
d
dx
h
(s)
‖ (x), φ
T
A(x) =
f
2
√
2Nc
φ⊥(x),
φvA(x) =
f
2
√
2Nc
g
(v)
⊥ (x), φ
a
A(x) =
f
8
√
2Nc
d
dx
g
(a)
⊥ (x), (21)
where we use f as the “normalization” constant for both longitudinally and transversely polarized mesons.
In the isospin limit, φ‖, g
(a)
⊥ and g
(v)
⊥ are symmetric [antisymmetric] under the replacement x ↔ 1 − x, while
φ⊥, h
(t)
|| , and h
(s)
|| are antisymmetric [symmetric] for non-strange 1
3P1 [1
1P1] states. In the above, we have taken
fT3P1 = f3P1 = f [f1P1 = f
T
1P1
(µ = 1 GeV) = f ], thus we have
〈13P1(P, ǫ)|q¯1σµνγ5q2|0〉 = fT3P1a⊥,
3P1
0 (ǫ
∗
µPν − ǫ∗νPµ), (22)
〈11P1(P, ǫ)|q¯1γµγ5q2|0〉 = if1P1a‖,
1P1
0 m1P1 ǫ
∗
µ, (23)
where a⊥,
3P1
0 and a
‖,1P1
0 are the Gegenbauer zeroth moments. Then the normalization conditions of the distribution
amplitudes are given by ∫ 1
0
dxφ⊥(x) = a⊥0 (24)
for 13P1 states and ∫ 1
0
dxφ||(x) = a
||
0 (25)
for 11P1 states. The zeroth Gegenbauer moments a
⊥,3P1
0 and a
‖,1P1
0 , characterizing the breaking of flavor SU(3)
symmetry, are non-zero for only strange mesons. We normalize the distribution amplitude φ‖
[
φ⊥
]
of the 13P1
[
11P1
]
states as ∫ 1
0
dxφ||(x) = 1
[∫ 1
0
dxφ⊥(x) = 1
]
. (26)
For convenience, we formally define a
||
0 = 1 for the 1
3P1 states so that we can use Eq. (25) as the normalization
condition. Similarly, we also define a⊥0 = 1 for 1
1P1 states so that φ⊥(x) has a correct normalization.
6B
k1
k2
V/A
B V/A
k1
k2
FIG. 1: Feynman diagrams for transition of B meson to a vector or axial vector meson. The crosses represent Lorentz structures
of the currents.
Up to conformal spin 6, twist-2 distribution amplitudes for axial-vector mesons can be expanded as:
φ‖(x) = 6xx¯
[
a
‖
0 + 3a
‖
1 t+ a
‖
2
3
2
(5t2 − 1)
]
, (27)
φ⊥(x) = 6xx¯
[
a⊥0 + 3a
⊥
1 t+ a
⊥
2
3
2
(5t2 − 1)
]
, (28)
where the Gegenbauer moments are calculated in Refs. [8, 9] shown in table III. From the results in table III, we can
see that there are large uncertainties in Gegenbauer moments which can inevitably induce large uncertainties to form
factors and branching ratios. We hope the uncertainties could be reduced in future studies in order to make more
precise predictions.
As for twist-3 LCDAs, we use the following form:
g
(v)
⊥ (x) =
3
4
a
‖
0(1 + t
2) +
3
2
a
‖
1 t
3, g
(a)
⊥ (x) = 6xx¯(a
‖
0 + a
‖
1t), (29)
h
(t)
‖ (x) = 3a
⊥
0 t
2 +
3
2
a⊥1 t(3t
2 − 1), h(s)‖ (x) = 6xx¯(a⊥0 + a⊥1 t). (30)
In the following analysis, we will use a1 to denote a1(1260), b1 to denote b1(1235) for simplicity. It is also similar
for K1 and f1, h1.
III. B → V , B → A FORM FACTORS AND SEMILEPTONIC B → Alν¯ DECAYS
A. PQCD approach
The basic idea of the PQCD approach is that it takes into account the intrinsic transverse momentum of valence
quarks. The decay amplitude, taking the first diagram in Fig. 1 as an example, can be expressed as a convolution of
wave functions φB, φ2 and hard scattering kernel TH with both longitudinal and transverse momenta:
M =
∫ 1
0
dx1dx2
∫
d2~k1T
(2π)2
d2~k2T
(2π)2
φB(x1, ~k1T , PB , t)TH(x1, x2, ~k1T , ~k2T , t)φ2(x2, ~k2T , P2, t). (31)
Usually it is convenient to compute the amplitude in coordinate space. Through Fourier transformation, the above
equation can be expressed by:
M =
∫ 1
0
dx1dx2
∫
d2~b1d
2~b2φB(x1,~b1, PB, t)TH(x1, x2,~b1,~b2, t)φ2(x2,~b2, P2, t). (32)
This derivation is mainly concentrated on tree level diagrams, but actually we have to take into account some loop
effects which can give sizable corrections. The O(αs) radiative corrections to hard scattering process H are depicted
7l
H l H
l
H
l
H
FIG. 2: O(αs) corrections to the hard scattering kernel H .
in Fig. 2. In general, individual higher order diagrams may suffer from two types of infrared divergences: soft and
collinear. Soft divergence comes from the region of a loop momentum where all it’s momentum components vanish:
lµ = (l+, l−,~lT ) = (Λ,Λ, ~Λ), (33)
where Λ is the typical scale for hadronization. Collinear divergence originates from the gluon momentum region which
is parallel to the massless quark momentum,
lµ = (l+, l−,~lT ) ∼ (mB ,Λ2/mB, ~Λ). (34)
In both cases, the loop integration corresponds to
∫
d4l/l4 ∼ log Λ, thus logarithmic divergences are generated. It
has been shown order by order in perturbation theory that these divergences can be separated from the hard kernel
and absorbed into meson wave functions using eikonal approximation [19]. But when soft and collinear momentum
overlap, there will be double logarithm divergences in the first two diagrams of Fig. 2. These large double logarithm
can be resummed into the Sudakov factor whose explicit form is given in Appendix A.
Furthermore, there are also another type of double logarithm which comes from the loop correction for the weak
decay vertex correction. The left diagram in Fig. 1 gives an amplitude proportional to 1/((1 − x2)2x1). In the
threshold region with (1 − x2) → 0 [(to be precise, (1 − x2) ∼ O(ΛQCD/mB))], additional soft divergences are
associated with the internal quark at higher orders. The QCD loop corrections to the electro-weak vertex can produce
the double logarithm αs ln
2(1 − x2) and resummation of this type of double logarithms lead to the Sudakov factor
St(x2). Similarly, resummation of αs ln
2 x1 due to loop corrections in the other diagram leads to the Sudakov factor
St(x1). These double logarithm can also be factored out from the hard part and grouped into the quark jet function.
Resummation of the double logarithms results in the threshold factor [20]. This factor decreases faster than any other
power of x as x→ 0, which modifies the behavior in the endpoint region to make pQCD approach more self-consistent.
For simplicity, this factor has been parameterized in a form which is independent on channels, twists and flavors [21].
Combing all the elements together, we can get the typical factorization formulae in the PQCD approach:
M =
∫ 1
0
dx1dx2
∫
d2~b1d
2~b2(2π)
2φB(x1,~b1, PB, t)
×TH(x1, x2, Q,~b1,~b2, t)φ2(x2,~b2, P2, t)St(x2) exp[−SB(t)− S2(t)]. (35)
8B. B → V form factors
B¯ → V form factors are defined under the conventional form as follows:
〈V (P2, ǫ∗)|q¯γµb|B¯(PB)〉 = − 2V (q
2)
mB +mV
ǫµνρσǫ∗νPBρP2σ,
〈V (P2, ǫ∗)|q¯γµγ5b|B¯(PB)〉 = 2imVA0(q2)ǫ
∗ · q
q2
qµ + i(mB +mV )A1(q
2)
[
ǫ∗µ −
ǫ∗ · q
q2
qµ
]
−iA2(q2) ǫ
∗ · q
mB +mV
[
(PB + P2)
µ − m
2
B −m2V
q2
qµ
]
,
〈V (P2, ǫ∗)|q¯σµνqνb|B¯(PB)〉 = −2iT1(q2)ǫµνρσǫ∗νPBρP2σ,
〈V (P2, ǫ∗)|q¯σµνγ5qνb|B¯(PB)〉 = T2(q2)
[
(m2B −m2V )ǫ∗µ − (ǫ∗ · q)(PB + P2)µ
]
+T3(q
2)(ǫ∗ · q)
[
qµ − q
2
m2B −m2V
(PB + P2)
µ
]
, (36)
where q = PB −P2, and the relation 2mV A0(0) = (mB +mV )A1(0)− (mB −mV )A2(0) is obtained in order to cancel
the pole at q2 = 0.
The factorization formulae are given as:
V (q2) = 8πCFm
2
B(1 + r2)
∫ 1
0
dx1dx2
∫ ∞
0
b1db1b2db2φB(x1, b1)
×
{[
φTV (x2)− r2
(
(1− x2)(φvV (x2) + φaV (x2)) +
2
η
φaV (x2)
)]
×he(x1, (1− x2)η, b1, b2)αs(t1e)exp[−Sab(t1e)]St(x2)
−r2
(
φaV (x2)− φvV (x2)
)
he(1− x2, x1η, b2, b1)αs(t2e)exp[−Sab(t2e)]St(x1)
}
, (37)
A0(q
2) = 8πCFm
2
B
∫ 1
0
dx1dx2
∫ ∞
0
b1db1b2db2φB(x1, b1)
×
{[
− φV (x2)(x2η − η − 1)− r2
(
(−3 + 2
η
+ 2x2)φ
s
V (x2) + (1− 2x2)φtV (x2)
)]
×he(x1, (1− x2)η, b1, b2)αs(t1e)exp[−Sab(t1e)]St(x2)
−2r2φsV (x2)he(1− x2, x1η, b2, b1)αs(t2e)exp[−Sab(t2e)]St(x1)
}
, (38)
A1(q
2) = 8πCFm
2
B(1− r2)
∫ 1
0
dx1dx2
∫ ∞
0
b1db1b2db2φB(x1, b1)
×
{[
ηφTV (x2)− r2
(
(φaA(x2) + φ
v
V (x2))(x2 − 1)η − 2φvV (x2)
)]
×he(x1, (1− x2)η, b1, b2)αs(t1e)exp[−Sab(t1e)]St(x2)
−r2η(φaV (x2)− φvV (x2))he(1− x2, x1η, b2, b1)αs(t2e)exp[−Sab(t2e)]St(x1)
}
, (39)
T1(q
2) = 8πCFm
2
B
∫ 1
0
dx1dx2
∫ ∞
0
b1db1b2db2φB(x1, b1)
×
{[
φTV (x2)(1 + η − x2η)− r2
(
(−3 + 2
η
+ 2x2)φ
a
V (x2) + (1− 2x2)φvV (x2)
)]
×he(x1, (1 − x2)η, b1, b2)αs(t1e)exp[−Sab(t1e)]St(x2)
−r2(φaV (x2)− φvV (x2))he(1− x2, x1η, b2, b1)αs(t2e)exp[−Sab(t2e)]St(x1)
}
, (40)
9T2(q
2) = 8πCFm
2
B
∫ 1
0
dx1dx2
∫ ∞
0
b1db1b2db2φB(x1, b1)
×
{[
φTV (x2)η(1 + η − x2η) + r2η
(
(−3 + 2
η
+ 2x2)φ
v
V (x2) + (1− 2x2)φaV (x2)
)]
×he(x1, (1− x2)η, b1, b2)αs(t1e)exp[−Sab(t1e)]St(x2)
−r2η(φaV (x2)− φvV (x2))he(1− x2, x1η, b2, b1)αs(t2e)exp[−Sab(t2e)]St(x1)
}
, (41)
T3(q
2) =
T2(η)
η
− 1
η
16r2πCFm
2
B
∫ 1
0
dx1dx2
∫ ∞
0
b1db1b2db2φB(x1, b1)
×φV (x2)he(x1, (1− x2)η, b1, b2)αs(t1e)exp[−Sab(t1e)]St(x2). (42)
With terms suppressed by r22 neglected, V2(q
2) can be expressed linearly by V0(q
2) and V1(q
2):
A2(q
2) =
1
η
[
(1 − r2)2A1(q2)− 2r2(1− r2)A0(q2)
]
. (43)
The definitions of the function Sab(t) in Sudakov exponent exp[−Sab(t)], the factorization scales ties and hard functions
he, are given in Appendix A.
The numerical results for the form factors at maximally recoil point are collected in table IV. The first error
comes from decay constants and shape parameter ωb of B(s) meson; while the second one is from hard scales t
i
es,
the threshold resummation parameter c = 0.4 ± 0.1 and ΛQCD
(
(0.25 ± 0.05)GeV). To make a comparison, we also
collect the results using other approaches [22, 23, 24, 25, 26]. From table IV, we can see that most of our results are
consistent with others within theoretical errors.
C. B → A form factors
Following Ref. [35], the B¯ → A form factors are defined by:
〈A(P2, ǫ∗)|q¯γµγ5b|B¯(PB)〉 = − 2iA(q
2)
mB −mA ǫ
µνρσǫ∗νPBρP2σ,
〈A(P2, ǫ∗)|q¯γµb|B¯(PB)〉 = −2mAV0(q2)ǫ
∗ · q
q2
qµ − (mB −mA)V1(q2)
[
ǫ∗µ −
ǫ∗ · q
q2
qµ
]
+V2(q
2)
ǫ∗ · q
mB −mA
[
(PB + P2)
µ − m
2
B −m2A
q2
qµ
]
,
〈A(P2, ǫ∗)|q¯σµνγ5qνb|B¯(PB〉 = −2T1(q2)ǫµνρσǫ∗νPBρP2σ,
〈A(P2, ǫ∗)|q¯σµνqνb|B¯(PB)〉 = −iT2(q2)
[
(m2B −m2A)ǫ∗µ − (ǫ∗ · q)(PB + P2)µ
]
−iT3(q2)(ǫ∗ · q)
[
qµ − q
2
m2B −m2A
(PB + P2)
µ
]
, (44)
with a factor −i different from B → V and the factor mB +mV (mB −mV ) is replaced by mB −mA (mB +mA).
Similar to B → V form factors, the relation 2mAV0 = (mB −mA)V1 − (mB +mA)V2 is obtained at q2 = 0. In the
PQCD approach, B → A form factors’ formulae can be derived from the corresponding B → V form factor formulas
using the replacement in Eq. (20) with the proper change of the sign of the pre-factor r2 in V and A1. The form
factors in the large recoiling region can be directly calculated. In order to extrapolate the form factors to the whole
kinematic region, we use the results obtained in the region 0 < q2 < 10GeV and we recast the form factors by adopting
the dipole parametrization for the form factors
F (q2) =
F (0)
1− a(q2/m2B) + b(q2/m2B)2
. (45)
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TABLE IV: B → V form factors at maximally recoil, i.e. q2 = 0. The first error comes from decay constants and shape
parameters ωb of B mesons; while the second one is from the hard scale te, the threshold resummation parameter c and ΛQCD .
B → ρ B → K∗ B → ω Bs → K
∗ Bs → φ
LFQM[23] V 0.27 0.31
A0 0.28 0.31
A1 0.22 0.26
A2 0.20 0.24
LCSR[24] V 0.323 0.411 0.293 0.311 0.434
A0 0.303 0.374 0.281 0.360 0.474
A1 0.242 0.292 0.219 0.233 0.311
A2 0.221 0.259 0.198 0.181 0.234
T2 0.267 0.333 0.242 0.260 0.349
LQCD[22] V 0.35
A0 0.30
A1 0.27
A2 0.26
[25] T1 0.24
SCET LCQM[26] V 0.298 0.339 0.275 0.323 0.329
A0 0.260 0.283 0.240 0.279 0.279
A1 0.227 0.248 0.209 0.228 0.232
A2 0.215 0.233 0.198 0.204 0.210
T1 = T2 0.260 0.290 0.239 0.271 0.276
T3 0.184 0.194 0.168 0.165 0.170
This work V 0.21+0.05+0.03−0.04−0.02 0.25
+0.06+0.04
−0.05−0.02 0.19
+0.04+0.03
−0.04−0.02 0.20
+0.04+0.03
−0.04−0.02 0.26
+0.05+0.04
−0.05−0.03
A0 0.25
+0.06+0.04
−0.05−0.03 0.31
+0.07+0.05
−0.06−0.03 0.23
+0.05+0.03
−0.04−0.02 0.24
+0.05+0.04
−0.04−0.02 0.31
+0.06+0.05
−0.06−0.03
A1 0.16
+0.04+0.02
−0.03−0.02 0.19
+0.04+0.03
−0.04−0.02 0.15
+0.03+0.02
−0.03−0.01 0.15
+0.03+0.02
−0.03−0.01 0.18
+0.04+0.03
−0.03−0.02
A2 0.13
+0.03+0.02
−0.03−0.01 0.14
+0.03+0.02
−0.03−0.01 0.12
+0.03+0.02
−0.02−0.01 0.11
+0.02+0.01
−0.02−0.01 0.12
+0.03+0.01
−0.02−0.01
T1 = T2 0.19
+0.04+0.03
−0.04−0.02 0.23
+0.05+0.03
−0.05−0.02 0.18
+0.04+0.02
−0.04−0.02 0.18
+0.04+0.02
−0.03−0.02 0.23
+0.05+0.03
−0.04−0.02
T3 0.17
+0.04+0.02
−0.03−0.02 0.20
+0.05+0.03
−0.04−0.02 0.15
+0.04+0.02
−0.03−0.02 0.16
+0.03+0.02
−0.03−0.02 0.19
+0.04+0.03
−0.04−0.02
The real physical states K1(1270) and K1(1400) are mixtures of the K1A and K1B states with the mixing angle θK :
|K1(1270)〉 = |K1A〉sinθK + |K1B〉cosθK , (46)
|K1(1400)〉 = |K1A〉cosθK − |K1B〉sinθK . (47)
In the flavor SU(3) symmetry limit, these mesons can not mix with each other; but since s quark is heavier than
the u, d quarks, K1(1270) and K1(1400) are not purely 1
3P1 or 1
1P1 states. Generally, the mixing angle can be
determined by the experimental data. One ideal method is making use of the decay τ− → K1ντ , whose partial decay
rate is given by
Γ(τ− → K1ντ ) = m
3
τ
16π
G2F |Vus|2f2A
(
1− m
2
A
m2τ
)2(
1 +
2m2A
m2τ
)
, (48)
with the measured results for branching fractions [12]:
BR(τ− → K1(1270)ντ) = (4.7± 1.1)× 10−3, BR(τ− → K1(1400)ντ) = (1.7± 2.6)× 10−3. (49)
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TABLE V: B → a1, b1,K1A,1B , h1, h8, f1, f8 form factors. a, b are the parameters of the form factors in dipole parametrization.
The errors are from: decay constants of B meson and shape parameter ωb; ΛQCD and the scales tes; Gegenbauer moments of
axial-vectors’ LCDAs.
F F (0) a b F F (0) a b
ABa1 0.26+0.06+0.00+0.03−0.05−0.01−0.03 1.72
+0.05
−0.05 0.66
+0.07
−0.06 A
Bb1 0.19+0.04+0.01+0.03−0.04−0.01−0.03 1.75
+0.06
−0.05 0.70
+0.08
−0.05
V Ba10 0.34
+0.07+0.01+0.08
−0.07−0.02−0.08 1.73
+0.05
−0.06 0.66
+0.06
−0.08 V
Bb1
0 0.45
+0.10+0.01+0.04
−0.09−0.01−0.04 1.69
+0.05
−0.05 0.61
+0.05
−0.07
V Ba11 0.43
+0.10+0.01+0.05
−0.09−0.01−0.05 0.75
+0.05
−0.05 −0.12
+0.05
−0.02 V
Bb1
1 0.33
+0.07+0.01+0.05
−0.06−0.02−0.05 0.80
+0.05
−0.06 −0.09
+0.03
−0.05
V Ba12 0.13
+0.03+0.00+0.00
−0.03−0.01−0.00 −− −− V
Bb1
2 0.03
+0.01+0.00+0.02
−0.01−0.00−0.02 −− −−
TBa11 0.34
+0.08+0.00+0.05
−0.07−0.01−0.05 1.69
+0.06
−0.05 0.61
+0.08
−0.05 T
Bb1
1 0.27
+0.06+0.01+0.04
−0.05−0.01−0.04 1.70
+0.06
−0.06 0.63
+0.07
−0.07
TBa12 0.34
+0.08+0.00+0.05
−0.07−0.01−0.05 0.71
+0.07
−0.05 −0.16
+0.03
−0.02 T
Bb1
2 0.27
+0.06+0.01+0.04
−0.05−0.01−0.04 0.75
+0.06
−0.05 −0.14
+0.08
−0.07
TBa13 0.30
+0.07+0.05+0.05
−0.06−0.01−0.05 1.60
+0.06
−0.05 0.53
+0.06
−0.04 T
Bb1
3 0.18
+0.04+0.01+0.03
−0.04−0.01−0.03 1.41
+0.08
−0.07 0.43
+0.07
−0.05
ABK1A 0.27+0.06+0.00+0.06−0.05−0.01−0.06 1.73
+0.07
−0.06 0.67
+0.09
−0.07 A
BK1B 0.20+0.04+0.01+0.05−0.04−0.01−0.05 1.73
+0.07
−0.06 0.68
+0.08
−0.06
V BK1A0 0.35
+0.08+0.01+0.13
−0.07−0.02−0.13 1.73
+0.07
−0.09 0.66
+0.09
−0.10 V
BK1B
0 0.52
+0.12+0.01+0.07
−0.10−0.02−0.07 1.72
+0.06
−0.06 0.64
+0.07
−0.06
V BK1A1 0.47
+0.11+0.01+0.01
−0.09−0.01−0.01 0.75
+0.09
−0.04 −0.13
+0.10
−0.00 V
BK1B
1 0.36
+0.08+0.01+0.09
−0.07−0.02−0.08 0.78
+0.06
−0.05 −0.10
+0.05
−0.03
V BK1A2 0.14
+0.03+0.00+0.02
−0.03−0.01−0.02 −− −− V
BK1B
2 0.00
+0.00+0.00+0.03
−0.00−0.00−0.03 −− −−
TBK1A1 0.37
+0.08+0.01+0.01
−0.07−0.01−0.01 1.70
+0.08
−0.07 0.63
+0.08
−0.09 T
BK1B
1 0.29
+0.06+0.01+0.06
−0.06−0.01−0.06 1.68
+0.08
−0.07 0.61
+0.10
−0.06
TBK1A2 0.37
+0.08+0.01+0.01
−0.07−0.01−0.01 0.72
+0.10
−0.07 −0.16
+0.06
−0.01 T
BK1B
2 0.29
+0.06+0.01+0.06
−0.06−0.01−0.06 0.73
+0.07
−0.07 −0.14
+0.03
−0.04
TBK1A3 0.33
+0.08+0.00+0.08
−0.07−0.01−0.08 1.61
+0.09
−0.06 0.54
+0.11
−0.05 T
BK1B
3 0.20
+0.05+0.01+0.05
−0.04−0.01−0.05 1.38
+0.08
−0.09 .43
+0.06
−0.07
ABh1 0.12+0.03+0.00+0.02−0.02−0.01−0.02 1.73
+0.06
−0.05 0.68
+0.08
−0.06 A
Bh8 0.09+0.02+0.00+0.01−0.02−0.00−0.01 1.74
+0.06
−0.05 0.68
+0.05
−0.05
V Bh10 0.26
+0.06+0.00+0.02
−0.05−0.01−0.02 1.68
+0.06
−0.04 0.59
+0.08
−0.04 V
Bh8
0 0.21
+0.05+0.00+0.02
−0.04−0.01−0.02 1.70
+0.04
−0.06 0.62
+0.04
−0.08
V Bh11 0.20
+0.04+0.01+0.03
−0.04−0.01−0.03 0.77
+0.07
−0.04 −0.11
+0.06
−0.01 V
Bh8
1 0.16
+0.04+0.01+0.02
−0.03−0.01−0.02 0.78
+0.05
−0.05 −0.10
+0.01
−0.06
V Bh12 0.03
+0.01+0.00+0.01
−0.00−0.00−0.01 −− −− V
Bh8
2 0.01
+0.00+0.00+0.01
−0.00−0.00−0.01 −− −−
TBh11 0.17
+0.04+0.00+0.02
−0.03−0.01−0.02 1.69
+0.06
−0.06 0.63
+0.06
−0.08 T
Bh8
1 0.13
+0.03+0.00+0.02
−0.03−0.01−0.02 1.71
+0.05
−0.07 0.65
+0.04
−0.11
TBh12 0.17
+0.04+0.00+0.02
−0.03−0.01−0.02 0.73
+0.05
−0.07 −0.13
+0.01
−0.06 T
Bh8
2 0.13
+0.03+0.00+0.02
−0.03−0.01−0.02 0.74
+0.05
−0.06 −0.13
+0.00
−0.04
TBh13 0.12
+0.03+0.01+0.02
−0.02−0.01−0.02 1.41
+0.06
−0.08 0.45
+0.01
−0.11 T
Bh8
3 0.09
+0.02+0.00+0.01
−0.02−0.01−0.01 1.40
+0.07
−0.08 0.44
+0.03
−0.07
ABf1 0.16+0.04+0.00+0.02−0.03−0.00−0.02 1.73
+0.05
−0.05 0.67
+0.04
−0.07 A
Bf8 0.11+0.03+0.00+0.01−0.02−0.00−0.01 1.72
+0.05
−0.05 0.66
+0.07
−0.05
V Bf10 0.21
+0.05+0.01+0.05
−0.04−0.01−0.05 1.73
+0.06
−0.05 0.66
+0.08
−0.04 V
Bf8
0 0.15
+0.03+0.01+0.03
−0.03−0.01−0.03 1.74
+0.05
−0.06 0.68
+0.06
−0.07
V Bf11 0.27
+0.06+0.00+0.03
−0.05−0.01−0.03 0.75
+0.05
−0.05 −0.12
+0.05
−0.02 V
Bf8
1 0.19
+0.04+0.00+0.02
−0.04−0.00−0.02 0.75
+0.05
−0.05 −0.12
+0.04
−0.02
V Bf12 0.08
+0.02+0.00+0.00
−0.02−0.00−0.00 −− −− V
Bf8
2 0.05
+0.01+0.00+0.00
−0.01−0.00−0.00 −− −−
TBf11 0.21
+0.05+0.00+0.03
−0.04−0.00−0.03 1.69
+0.06
−0.06 0.62
+0.08
−0.06 T
Bf8
1 0.15
+0.03+0.00+0.02
−0.03−0.00−0.02 1.68
+0.06
−0.05 0.60
+0.07
−0.05
TBf12 0.21
+0.05+0.00+0.03
−0.04−0.00−0.03 0.72
+0.06
−0.07 −0.15
+0.01
−0.06 T
Bf8
2 0.15
+0.03+0.00+0.02
−0.03−0.00−0.02 0.71
+0.06
−0.05 −0.16
+0.03
−0.03
TBf13 0.19
+0.04+0.00+0.03
−0.04−0.00−0.03 1.61
+0.05
−0.07 0.55
+0.05
−0.09 T
Bf8
3 0.13
+0.03+0.00+0.02
−0.03−0.00−0.02 1.61
+0.05
−0.05 0.54
+0.06
−0.06
The longitudinal decay constants (in MeV) can be straightly obtained:
|fK1(1270)| = 169+19−21; |fK1(1400)| = 125+ 74−125. (50)
In principle, one can combine the decay constants for K1A, K1B evaluated in QCD sum rules with the above results
to determine the mixing angle θK . But since there are large uncertainties in Eq. (50), the constraint on the mixing
angle is expected to be rather smooth:
− 143◦ < θK < −120◦, or − 49◦ < θK < −27◦, or 37◦ < θK < 60◦, or 131◦ < θK < 153◦, (51)
where we have taken the uncertainties from the branching ratios in Eq.(49) and the first Gegenbauer moment aK11
into account but neglected the mass differences as usual. In this paper, for simplicity, we use two reference values in
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TABLE VI: Same as Table V except Bs → h8, h1, f8, f1,K1A,K1B .
F F (0) a b F F (0) a b
ABsK1A 0.25+0.05+0.00+0.05−0.05−0.01−0.05 1.73
+0.06
−0.07 0.68
+0.04
−0.10 A
BsK1B 0.18+0.04+0.00+0.04−0.03−0.01−0.04 .80
+0.06
−0.07 0.76
+0.08
−0.10
V BsK1A0 0.36
+0.07+0.00+0.11
−0.07−0.01−0.11 1.76
+0.07
−0.07 0.70
+0.09
−0.10 V
BsK1B
0 0.42
+0.09+0.01+0.06
−0.08−0.01−0.06 1.69
+0.05
−0.05 0.60
+0.06
−0.06
V BsK1A1 0.43
+0.09+0.01+0.09
−0.08−0.01−0.09 0.76
+0.06
−0.08 −0.09
+0.00
−0.11 V
BsK1B
1 0.33
+0.07+0.00+0.07
−0.06−0.01−0.07 0.84
+0.09
−0.05 −0.09
+0.11
−0.01
V BsK1A2 0.11
+0.02+0.01+0.02
−0.02−0.01−0.02 −− −− V
BsK1B
2 0.03
+0.01+0.00+0.02
−0.01−0.00−0.02 −− −−
TBsK1A1 0.34
+0.07+0.00+0.08
−0.06−0.01−0.07 1.69
+0.07
−0.07 0.62
+0.07
−0.10 T
BsK1B
1 0.26
+0.05+0.00+0.06
−0.05−0.01−0.06 1.76
+0.06
−0.07 0.71
+0.06
−0.09
TBsK1A2 0.34
+0.07+0.00+0.08
−0.06−0.01−0.07 0.71
+0.08
−0.07 −0.15
+0.01
−0.05 T
BsK1B
2 0.26
+0.05+0.00+0.06
−0.05−0.01−0.06 0.81
+0.08
−0.06 −0.12
+0.08
−0.02
TBsK1A3 0.30
+0.06+0.00+0.07
−0.06−0.01−0.07 1.60
+0.06
−0.06 0.54
+0.05
−0.07 T
BsK1B
3 0.17
+0.04+0.00+0.04
−0.03−0.01−0.04 1.43
+0.10
−0.07 0.44
+0.13
−0.02
ABsh1 0.10+0.02+0.00+0.02−0.02−0.00−0.02 1.74
+0.06
−0.05 0.69
+0.07
−0.06 A
Bsh8 −0.16+0.03+0.00+0.02−0.03−0.00−0.02 1.75
+0.06
−0.05 0.70
+0.07
−0.05
V Bsh10 0.23
+0.05+0.00+0.02
−0.04−0.00−0.02 1.69
+0.05
−0.05 0.61
+0.05
−0.06 V
Bsh8
0 −0.36
+0.07+0.01+0.03
−0.07−0.00−0.03 1.71
+0.04
−0.05 0.63
+0.03
−0.05
V Bsh11 0.18
+0.04+0.00+0.03
−0.03−0.00−0.03 0.79
+0.05
−0.07 −0.07
+0.01
−0.10 V
Bsh8
1 −0.28
+0.05+0.01+0.04
−0.06−0.00−0.04 0.79
+0.05
−0.05 −0.08
+0.03
−0.05
V Bsh12 0.03
+0.00+0.00+0.01
−0.00−0.00−0.01 −− −− V
Bsh8
2 −0.02
+0.00+0.00+0.01
−0.00−0.00−0.01 −− −−
TBsh11 0.15
+0.03+0.00+0.02
−0.03−0.00−0.02 1.69
+0.06
−0.05 0.63
+0.07
−0.06 T
Bsh8
1 −0.23
+0.04+0.00+0.03
−0.05−0.00−0.03 1.71
+0.05
−0.06 0.65
+0.03
−0.09
TBsh12 0.15
+0.03+0.00+0.02
−0.03−0.00−0.02 0.73
+0.07
−0.05 −0.14
+0.05
−0.02 T
Bsh8
2 −0.23
+0.04+0.00+0.03
−0.05−0.00−0.03 0.75
+0.05
−0.06 −0.13
+0.03
−0.03
TBsh13 0.10
+0.02+0.00+0.01
−0.02−0.00−0.01 1.39
+0.07
−0.06 0.42
+0.09
−0.03 T
Bsh8
3 −0.15
+0.03+0.01+0.02
−0.03−0.00−0.02 1.40
+0.07
−0.07 0.43
+0.07
−0.04
ABsf1 0.14+0.03+0.00+0.02−0.03−0.00−0.02 1.73
+0.06
−0.04 0.66
+0.07
−0.04 A
Bsf8 −0.19+0.04+0.01+0.02−0.04−0.00−0.02 1.72
+0.06
−0.03 0.65
+0.09
−0.02
V Bsf10 0.18
+0.04+0.00+0.04
−0.03−0.00−0.04 1.74
+0.06
−0.05 0.68
+0.08
−0.06 V
Bsf8
0 −0.26
+0.05+0.01+0.05
−0.05−0.00−0.05 1.75
+0.06
−0.05 0.69
+0.09
−0.05
V Bsf11 0.23
+0.05+0.00+0.03
−0.04−0.01−0.03 0.76
+0.05
−0.05 −0.11
+0.03
−0.04 V
Bsf8
1 −0.33
+0.06+0.01+0.04
−0.07−0.00−0.04 0.76
+0.04
−0.07 −0.09
+0.00
−0.13
V Bsf12 0.07
+0.01+0.00+0.00
−0.01−0.00−0.00 −− −− V
Bsf8
2 −0.10
+0.02+0.01+0.00
−0.02−0.00−0.00 −− −−
TBsf11 0.18
+0.04+0.00+0.03
−0.03−0.01−0.03 1.69
+0.06
−0.05 0.62
+0.07
−0.06 T
Bsf8
1 −0.26
+0.05+0.01+0.03
−0.05−0.00−0.03 1.69
+0.06
−0.05 0.61
+0.07
−0.06
TBsf12 0.18
+0.04+0.00+0.03
−0.03−0.01−0.03 0.72
+0.07
−0.05 −0.16
+0.04
−0.02 T
Bsf8
2 −0.26
+0.05+0.01+0.03
−0.05−0.10−0.03 0.71
+0.06
−0.05 −0.15
+0.02
−0.04
TBsf13 0.16
+0.03+0.00+0.03
−0.03−0.00−0.03 1.60
+0.06
−0.05 0.54
+0.07
−0.05 T
Bsf8
3 −0.23
+0.04+0.01+0.03
−0.05−0.00−0.03 1.61
+0.05
−0.05 0.55
+0.05
−0.07
TABLE VII: B → a1, b1 form factors at maximally recoil and the results in the light-front quark model(LFQM) and light-cone
sum rules(LCSR). The errors in this work are from: decay constants of B meson and shape parameter ωb; ΛQCD and the scales
tes; Gegenbauer moments in axial-vectors’ LCDAs.
B → a1 This work LFQM[23, 35] LCSR[33]
A 0.26+0.06+0.00+0.03−0.05−0.01−0.03 0.25 0.48 ± 0.09
V0 0.34
+0.07+0.01+0.08
−0.07−0.02−0.08 0.13 0.30 ± 0.05
V1 0.43
+0.10+0.01+0.05
−0.09−0.01−0.05 0.37 0.37 ± 0.07
V2 0.13
+0.03+0.00+0.00
−0.03−0.01−0.00 0.18 0.42 ± 0.08
T1(T2) 0.34
+0.08+0.00+0.05
−0.07−0.01−0.05 −− −−
T3 0.30
+0.07+0.05+0.05
−0.06−0.01−0.05 −− −−
B → b1 This work LFQM[23, 35] LCSR[33]
A 0.19+0.04+0.01+0.03−0.04−0.01−0.03 0.10 −0.25 ± 0.05
V0 0.45
+0.10+0.01+0.04
−0.09−0.01−0.04 0.39 −0.39 ± 0.07
V1 0.33
+0.07+0.01+0.05
−0.06−0.02−0.05 0.18 −0.20 ± 0.04
V2 0.03
+0.01+0.00+0.02
−0.01−0.00−0.02 −0.03 −0.09 ± 0.02
T1(T2) 0.27
+0.06+0.01+0.04
−0.05−0.01−0.04 −− −−
T3 0.18
+0.04+0.01+0.03
−0.04−0.01−0.03 −− −−
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TABLE VIII: Bu,d,s → K1(1270), K1(1400), Bu,d,s → h1(1170), h1(1380) and Bu,d,s → f1(1285), h1(1420) form factors for
physical axial-vector mesons at maximally recoil point, i.e. q2 = 0. Results in the first line of each form factor are calculated
using θK = 45
◦, θ1P1 = 10
◦ or θ3P1 = 38
◦, while the second line corresponds to the angle θK = −45
◦, θ1P1 = 45
◦ or θ3P1 = 50
◦.
The errors are from: decay constants of B(s) meson and shape parameter ωb; ΛQCD and the scales tes; Gegenbauer moments
in axial-vectors’ LCDAs.
B → K1(1270) B → K1(1400) Bs → K1(1270) Bs → K1(1400)
A 0.33+0.08+0.07+0.03−0.07−0.01−0.03 0.05
+0.01+0.00+0.07
−0.01−0.00−0.07 0.31
+0.06+0.00+0.06
−0.06−0.00−0.06 0.05
+0.01+0.00+0.02
−0.01−0.01−0.02
−0.05+0.01+0.00+0.07−0.01−0.00−0.07 0.33
+0.07+0.01+0.03
−0.08−0.01−0.03 −0.05
+0.01+0.01+0.02
−0.01−0.00−0.02 0.31
+0.06+0.00+0.06
−0.06−0.00−0.06
V0 0.62
+0.14+0.02+0.06
−0.12−0.03−0.06 −0.12
+0.03+0.00+0.14
−0.02−0.00−0.14 0.55
+0.11+0.01+0.12
−0.10−0.01−0.12 −0.04
+0.01+0.01+0.05
−0.01−0.01−0.05
0.12+0.03+0.00+0.14−0.02−0.00−0.14 0.62
+0.12+0.03+0.06
−0.14−0.02−0.06 0.04
+0.01+0.01+0.05
−0.01−0.01−0.05 0.55
+0.11+0.01+0.12
−0.10−0.01−0.12
V1 0.59
+0.13+0.01+0.05
−0.11−0.02−0.05 0.08
+0.02+0.01+0.12
−0.02−0.01−0.12 0.54
+0.11+0.01+0.11
−0.10−0.01−0.11 0.07
+0.01+0.01+0.04
−0.01−0.01−0.04
−0.08+0.02+0.01+0.12−0.02−0.01−0.12 0.59
+0.11+0.02+0.05
−0.13−0.01−0.05 −0.07
+0.01+0.01+0.04
−0.01−0.01−0.04 0.54
+0.10+0.01+0.11
−0.11−0.01−0.11
V2 0.11
+0.03+0.00+0.01
−0.02−0.00−0.01 0.09
+0.02+0.00+0.03
−0.02−0.01−0.03 0.12
+0.02+0.00+0.03
−0.02−0.00−0.03 0.05
+0.01+0.01+0.01
−0.01−0.01−0.01
−0.09+0.02+0.01+0.04−0.02−0.00−0.04 0.07
+0.02+0.00+0.01
−0.01−0.00−0.01 −0.06
+0.01+0.01+0.01
−0.01−0.01−0.01 0.08
+0.02+0.00+0.03
−0.01−0.00−0.03
T1(T2) 0.46
+0.10+0.01+0.04
−0.09−0.02−0.04 0.05
+0.01+0.01+0.10
−0.01−0.00−0.10 0.43
+0.09+0.00+0.09
−0.08−0.01−0.09 0.05
+0.01+0.00+0.03
−0.01−0.01−0.03
−0.05+0.01+0.01+0.10−0.01−0.00−0.10 0.46
+0.09+0.02+0.04
−0.10−0.01−0.04 −0.05
+0.01+0.01+0.03
−0.01−0.00−0.03 0.43
+0.08+0.01+0.09
−0.09−0.01−0.09
T3 0.37
+0.09+0.01+0.04
−0.07−0.02−0.04 0.09
+0.02+0.00+0.08
−0.02−0.00−0.08 0.33
+0.07+0.00+0.07
−0.06−0.01−0.07 0.10
+0.02+0.00+0.03
−0.02−0.01−0.03
−0.09+0.02+0.00+0.08−0.02−0.00−0.08 0.37
+0.07+0.02+0.04
−0.09−0.01−0.04 −0.10
+0.02+0.01+0.03
−0.02−0.00−0.03 0.33
+0.07+0.00+0.07
−0.06−0.01−0.07
B → h1(1170) B → h1(1380) Bs → h1(1170) Bs → h1(1380)
A 0.13+0.03+0.00+0.02−0.03−0.01−0.02 0.07
+0.01+0.00+0.01
−0.01−0.00−0.01 0.08
+0.02+0.00+0.01
−0.01−0.00−0.01 −0.17
+0.03+0.00+0.03
−0.04−0.00−0.03
0.15+0.03+0.01+0.02−0.03−0.01−0.02 −0.02
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.04
+0.01+0.00+0.01
−0.01−0.00−0.01 −0.18
+0.03+0.01+0.03
−0.04−0.00−0.03
V0 0.30
+0.07+0.01+0.02
−0.06−0.01−0.02 0.16
+0.03+0.00+0.01
−0.03−0.01−0.01 0.17
+0.03+0.00+0.01
−0.03−0.00−0.01 −0.40
+0.07+0.01+0.03
−0.08−0.01−0.03
0.33+0.07+0.01+0.03−0.06−0.01−0.03 −0.04
+0.01+0.00+0.00
−0.01−0.00−0.00 −0.09
+0.02+0.00+0.01
−0.02−0.00−0.01 −0.42
+0.08+0.01+0.03
−0.09−0.01−0.03
V1 0.23
+0.05+0.01+0.03
−0.04−0.01−0.03 0.12
+0.03+0.00+0.02
−0.02−0.01−0.02 0.13
+0.03+0.00+0.02
−0.02−0.00−0.02 −0.31
+0.06+0.01+0.05
−0.06−0.00−0.05
0.26+0.06+0.01+0.04−0.05−0.01−0.04 −0.03
+0.01+0.00+0.00
−0.01−0.00−0.00 −0.07
+0.01+0.00+0.01
−0.02−0.00−0.01 −0.32
+0.06+0.01+0.05
−0.07−0.00−0.05
V2 0.04
+0.01+0.00+0.01
−0.01−0.00−0.01 0.00
+0.00+0.00+0.01
−0.00−0.00−0.01 0.02
+0.00+0.00+0.01
−0.00−0.00−0.01 −0.02
+0.00+0.00+0.02
−0.00−0.00−0.02
0.04+0.01+0.00+0.02−0.01−0.00−0.02 −0.00
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.01
+0.00+0.00+0.01
−0.00−0.00−0.01 −0.02
+0.00+0.00+0.02
−0.00−0.00−0.02
T1(T2) 0.19
+0.04+0.01+0.03
−0.04−0.01−0.03 0.10
+0.02+0.00+0.01
−0.02−0.00−0.01 0.10
+0.02+0.00+0.01
−0.02−0.00−0.01 −0.25
+0.05+0.01+0.04
−0.05−0.00−0.04
0.20+0.05+0.01+0.03−0.04−0.01−0.03 −0.03
+0.00+0.00+0.00
−0.01−0.00−0.00 −0.06
+0.01+0.00+0.01
−0.01−0.00−0.01 −0.26
+0.05+0.01+0.04
−0.05−0.00−0.04
T3 0.13
+0.03+0.01+0.02
−0.03−0.01−0.02 0.07
+0.02+0.00+0.01
−0.01−0.00−0.01 0.07
+0.02+0.00+0.01
−0.01−0.00−0.01 −0.17
+0.03+0.01+0.02
−0.04−0.00−0.02
0.14+0.03+0.01+0.02−0.03−0.01−0.02 −0.02
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.04
+0.01+0.00+0.01
−0.01−0.00−0.01 −0.18
+0.03+0.01+0.03
−0.04−0.00−0.03
B → f1(1285) B → f1(1420) Bs → f1(1285) Bs → f1(1420)
A 0.19+0.04+0.00+0.02−0.04−0.00−0.02 −0.01
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.01
+0.00+0.00+0.00
−0.011−0.00−0.00 −0.24
+0.04+0.00+0.03
−0.05−0.00−0.03
0.18+0.04+0.00+0.02−0.04−0.00−0.02 −0.05
+0.01+0.00+0.01
−0.01−0.00−0.01 −0.06
+0.01+0.00+0.00
−0.01−0.00−0.00 −0.23
+0.04+0.00+0.03
−0.05−0.00−0.03
V0 0.26
+0.06+0.01+0.06
−0.05−0.01−0.06 −0.01
+0.00+0.00+0.01
−0.00−0.00−0.01 −0.02
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.32
+0.06+0.01+0.07
−0.06−0.00−0.07
0.25+0.05+0.01+0.06−0.05−0.01−0.06 −0.07
+0.01+0.00+0.02
−0.01−0.00−0.02 −0.08
+0.02+0.00+0.00
−0.02−0.00−0.00 −0.31
+0.06+0.01+0.07
−0.06−0.04−0.07
V1 0.33
+0.07+0.00+0.04
−0.07−0.01−0.04 −0.02
+0.00+0.00+0.00
−0.00−0.0.−0.00 −0.02
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.40
+0.07+0.01+0.05
−0.08−0.01−0.05
0.32+0.07+0.00+0.04−0.06−0.01−0.04 −0.08
+0.02+0.00+0.01
−0.02−0.00−0.01 −0.10
+0.02+0.00+0.01
−0.02−0.00−0.01 −0.39
+0.07+0.01+0.05
−0.08−0.01−0.05
V2 0.09
+0.02+0.00+0.00
−0.01−0.00−0.00 −0.01
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.00
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.09
+0.02+0.01+0.00
−0.02−0.00−0.00
0.09+0.02+0.00+0.00−0.01−0.00−0.00 −0.02
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.03
+0.01+0.00+0.00
−0.01−0.00−0.00 −0.09
+0.02+0.01+0.00
−0.02−0.00−0.00
T1(T2) 0.26
+0.06+0.00+0.03
−0.05−0.01−0.03 −0.01
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.02
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.31
+0.06+0.00+0.04
−0.07−0.00−0.04
0.25+0.06+0.00+0.03−0.05−0.01−0.03 −0.07
+0.01+0.00+0.01
−0.01−0.00−0.01 −0.08
+0.02+0.00+0.00
−0.02−0.00−0.00 −0.30
+0.06+0.01+0.04
−0.06−0.00−0.04
T3 0.23
+0.05+0.00+0.03
−0.05−0.01−0.03 −0.01
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.01
+0.00+0.00+0.00
−0.00−0.00−0.00 −0.28
+0.05+0.01+0.04
−0.06−0.00−0.04
0.22+0.05+0.00+0.03−0.04−0.01−0.03 −0.06
+0.01+0.00+0.01
−0.01−0.00−0.01 −0.07
+0.02+0.00+0.01
−0.02−0.00−0.01 −0.27
+0.05+0.01+0.04
−0.06−0.00−0.04
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TABLE IX: Contributions to form factor A0 and T1 from different distribution amplitudes.
A0 B → ρ B → a1(1260) B → b1(1235)
φ 0.108 0.102 0.199
φs 0.103 0.155 0.179
φt 0.040 0.081 0.069
total 0.251 0.338 0.446
T1 B → ρ B → a1(1260) B → b1(1235)
φT 0.085 0.140 0.082
φa 0.047 0.084 0.085
φv 0.063 0.113 0.099
total 0.194 0.337 0.266
Ref. [9]
θK = ±45◦. (52)
Besides, the flavor-octet and the flavor-singlet also mix with each other:
|f1(1285)〉 = |f1〉cosθ3P1 + |f8〉sinθ3P1 , |f1(1420)〉 = −|f1〉sinθ3P1 + |f8〉cosθ3P1 , (53)
|h1(1170)〉 = |h1〉cosθ1P1 + |h8〉sinθ1P1 , |h1(1380)〉 = −|h1〉sinθ1P1 + |h8〉cosθ1P1 . (54)
The reference points are chosen as: θ3P1 = 38
◦ or θ3P1 = 50
◦; θ1P1 = 10
◦ or θ1P1 = 45
◦ [9]. These reference points are
very close to the ideal mixing angle θ3P1 = 35.3
◦. We should point out that if the mixing is ideal: f1(1285) is made
up of u¯u+d¯d√
2
while f1(1420) is composed of s¯s. As a result, some of the form factors are very small, which leads to
small production rates of this meson.
In Table V and VI, results of the form factors at q2 = 0 for Bu,d,s → a1, f1, f8,K1A, b1, h1, h8 and K1B transitions
are listed, together with the parameters a, b, which are obtained within the dipole parametrization. The form factors
for the B(s) to physical states transitions are collected in Table VIII. In our calculation, minus values for decays
constants of 1P1 mesons
1 have been used. The errors in the results are from: decay constants of B(s) mesons and
shape parameters ωb; ΛQCD
(
(0.25± 0.05)GeV) and the scales tes; Gegenbauer moments of axial-vectors’ LCDAs. As
the quark contents (to be more precise, the mixing angles) of the axial-vectors K1(f1, h1) have not been uniquely
determined, we give two sets of results for form factors as in Ref. [10]: in Table VIII, the results in the first line
are obtained using θK = 45
◦, θ1P1 = 10
◦ and θ3P1 = 38
◦ while the second line using θK = −45◦, θ1P1 = 45◦ and
θ3P1 = 50
◦.
A number of remarks on B → A form factors are given in order.
1. The parameters a in most form factors are around 1.7, but these parameters in V1(q
2) and T2(q
2) are around
0.7. The situation is similar for the parameter b. In most form factors, this parameter is close to 0.7, while in
V1(q
2) and T2(q
2) it’s close to −0.14.
1 Decay constants given in QCD sum rules [8, 9] are both positive for two kinds of axial-vectors, which will give negative values for
B →1 P1 form factors. For non-strange 1P1 mesons, this minus sign will not give any physical differences as it can not be observed
experimentally. But we should point out that the minus sign will affect the mixing between K1A and K1B by changing the mixing angle
θ to −θ.
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2. Some of the form factors for the two kinds of axial-vector mesons are very different. As an example, we will give
a comparison of the B → ρ, B → a1(1260) and B → b1(1235) form factors. Form factors V0, V1, T1 for B → A
transition are larger than the corresponding B → V ones. It seems that the form factor AB→(a1,b1) is somewhat
equal to or even smaller than V B→ρ. But actually that is artificial: as in Eq. (36), the pre-factor of V1(q2) is
mB+mV while for B → A form factor A1(q2), the factor becomes mB−mA. We take A0 and T1 as an example
to explain the reason for the large B → A form factors. In table IX, we give contributions from three kinds of
LCDAs to T1: φ
T , φv and φa. The contribution from φT is larger for B → a1, than the other two transitions
only because the axial-vector a1 decay constant is larger. Furthermore, larger axial vector meson mass induces
larger contributions from twist-3 distribution amplitudes φv, φa for both of TB→b11 and T
B→a1
1 .
3. Some B → A form factors strongly dependend on mixing angles, which is obvious in Table VIII. In our
calculation for form factors involving f1 mesons, we have used the mixing angle between the octet and singlet:
θ = 38◦(50◦) which is very close to the ideal mixing angle θ = 35.3◦. That implies the lighter meson f1(1285)
is almost made up of u¯u+d¯d√
2
while the heavier meson f1(1420) is dominated by the s¯s component. Thus
B → f1(1420) and Bs → f1(1285) form factors are suppressed by the flavor structure and are numerically small.
The form factors involving h1 are similar if the mixing angle is taken as 45
◦.
4. The SU(3) symmetry breaking effect between B → a1 and B → K1A transition form factors is less than 10%.
It is also similar for the B →1 P1 transition form factors.
5. In Table V, we can see that the form factor AB→K1A is almost equal to AB→K1B . But the physical
states K1(1270) and K1(1400) are mixtures of B → K1A,1B. With the mixing angle θK = ±45◦, the
Bd,s → K1(1270)(K1(1400)) form factors are either enhanced by a factor
√
2 or highly suppressed.
Up to now, there are many studies using some non-perturbative methods on the B → A form factors: the constitute
quark-meson (CQM) model [27], ISGW [28, 29], QCD sum rules(QCDSR) and light-cone sum rules(LCSR) [31, 32,
33, 34] and light-front quark model(LFQM) [23, 35]. Results in LFQM and LCSR are collected in table VII to make a
comparison. These two approaches are very different with the PQCD in the treatment of dynamics of transition form
factors, but at first we will analyze the differences caused by non-perturbative inputs. For B → a1 and B → K1A
form factors, most of our results (except V0 and T1,2) are slightly larger than (or almost equal to) those evaluated in
LFQM, as slightly larger decay constants for a1 and K1A are used(fa1 = 203 MeV and fK1A = 186 MeV are used by
LFQM). Small differences in V0 and V1 have induced a large difference in V2, which could be reduced in future studies
using more precise hadronic inputs. As the decay constant of b1 is zero in the isospin limit, the shape parameter ω in
LFQM can not be directly determined and the same value as that of a1 is used[23]. It is also similar for K1B: they
used the same shape parameter as that of K1A which predicts fK1B = 11 MeV. Comparing with the QCDSR results
fK1B = f
T
K1B
× a||0 given in table II and III, we can see: although they are consistent within large theoretical errors,
the central value of fK1B in QCDSR is larger than the prediction in the LFQM. Thus our predictions for B → 1P1
form factors (central values) are larger than those in LFQM. Compared with the recent LCSR results [33] collected in
Table VII, our results differ from theirs in two points: one difference is that positive decay constants for 11P1 mesons
are adopted in LCSR, which leads to the minus sign of the form factors for 11P1 mesons; the other difference is that
form factor A(0) in LCSR is larger than that in the PQCD approach.
Experimentally, the branching ratios of the color allowed tree-dominated processes B0 → a±1 π∓ and B0 → b±1 π∓
have been measured by the BaBar and Belle collaborations [36, 37, 38] and averaged by the heavy flavor averaging
group [7]. These two channels can be used to extract the B → a1 and B → b1 form factors [39]:
V B→a10 = (1.54± 0.28± 0.03)fB→pi+ = 0.38± 0.07± 0.01, (55)
V B→b10 = (1.45± 0.36± 0.03)fB→pi+ = 0.35± 0.03± 0.01, (56)
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where the penguin contributions are neglected for the small Wilson coefficients. As we can see, V B→a10 is consistent
with our predictions within the errors, however V B→b10 is smaller than our predictions.
D. Semilteptonic B → Alν¯ decays
After integrating out the off shell W boson, one obtains the effective Hamiltonian for b→ ulν¯l transition
Heff (b→ ulν¯l) = GF√
2
Vubu¯γµ(1− γ5)bl¯γµ(1− γ5)νl, (57)
where Vub is the CKM matrix element. With the form factors at hand, the B¯ → Alν¯l decay widths are derived as:
dΓL(B¯ → Alν¯l)
dq2
= (
q2 −m2l
q2
)2
√
λ(m2B ,m
2
A, q
2)G2FV
2
ub
384m3Bπ
3
× 1
q2
{
3m2l λ(m
2
B,m
2
A, q
2)V 20 (q
2)+
× (m2l + 2q2)
∣∣∣∣ 12mA
[
(m2B −m2A − q2)(mB −mA)V1(q2)−
λ(m2B,m
2
A, q
2)
mB −mA V2(q
2)
]∣∣∣∣
2
}
, (58)
dΓ±(B¯ → Alν¯l)
dq2
= (
q2 −m2l
q2
)2
√
λ(m2B ,m
2
A, q
2)G2FV
2
ub
384m3Bπ
3
×
×

(m2l + 2q2)λ(m2B ,m2A, q2)
∣∣∣∣∣ A(q
2)
mB −mA ∓
(mB −mA)V1(q2)√
λ(m2B ,m
2
A, q
2)
∣∣∣∣∣
2

 , (59)
where λ(m2B ,m
2
A, q
2) = (m2B + m
2
A − q2)2 − 4m2Bm2A, L and ± in the subscripts denote contributions from the
longitudinal polarization and the two transverse polarizations, respectively. ml represents the mass of the charged
lepton, and q2 is the momentum square of the lepton pair. Integrating over the q2, one obtains the longitudinal and
transverse decay width of B → Alν¯ decays.
For the semileptonic B → Alν¯l decays, physical quantities BrL, Br+, Br−, Brtotal and BrL/BrT = ΓL/ΓT are
predicted, where BrT = Br+ + Br− and Brtotal = BrL +BrT with BrL, Br+ and Br− corresponding to contributions
of different polarizations to branching ratios. Results for the B → Alν¯l (l = e, µ) and B → Aτν¯τ decays are listed
in Table X and XI respectively, with masses of the electron and muon neglected in the calculation. There are some
remarks:
• Most of the branching ratios are of the order 10−4. Some of the branching ratios are sensitive to the mixing
angles, especially for K1(1270) and K1(1400): one mixing angle gives constructive contributions and the other
gives destructive contributions. Branching ratios for these two mixing angles are two-order different, just as
mentioned in the discussions about the form factors. For the decays Bs → K1(1270) and Bs → K1(1400), ratios
of the contributions from longitudinal polarization and transverse polarization are also much different with each
other.
• The branching ratios of B → Aτν¯τ decays are smaller than those of corresponding B → Aeν¯e decays, because
the heavy τ lepton brings a smaller phase space than the light electron.
• Except for the Bs → K1lν¯l(l = e, τ) decay channels, the ratios(BrL/BrT) in B → 13P1lν¯l decays are about
1.0 ∼ 1.2, while in B → 11P1lν¯l decays, their values are roughly 2.0 ∼ 2.5. The LCSR calculation[33] has similar
ratios for B → 13P1lν¯l decays. However, their ratios for B → 11P1lν¯l decays are around 0.5. That means in
these decays the contributions of transverse polarization are relatively larger in LCSR, which may be caused by
their much larger form factor A.
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TABLE X: The total branching ratios for the b → ulν¯l (l = e, µ and unit 10
−4 for branching ratios). BrL and Br± are the
longitudinally and transversely polarized contributions to the branching ratios. And BrT = Br+ + Br−. For the decays with
a mixing meson, results in the first lines are calculated using θK = 45
◦, θ1P1 = 10
◦ or θ3P1 = 38
◦, while the second line
corresponds to the angle θK = −45
◦, θ1P1 = 45
◦ or θ3P1 = 50
◦.
BrL Br+ Br− Brtotal BrL/BrT
B¯0 → a+1 1.60
+1.03
−0.82 0.04
+0.02
−0.02 1.31
+0.71
−0.56 2.96
+1.74
−1.39 1.18
+0.20
−0.22
B¯0 → b+1 2.10
+1.07
−0.86 0.03
+0.02
−0.01 0.76
+0.44
−0.36 2.88
+1.51
−1.22 2.67
+0.44
−0.35
B− → f01 (1285) 0.93
+0.60
−0.48 0.03
+0.01
−0.01 0.73
+0.39
−0.31 1.69
+0.99
−0.79 1.22
+0.21
−0.23
0.87+0.55−0.44 0.02
+0.01
−0.01 0.69
+0.37
−0.29 1.58
+0.92
−0.74 1.22
+0.22
−0.23
B− → f01 (1420) ∼ 0.002 < 0.001 ∼ 0.001 ∼ 0.003 1.12
+0.47
−0.63
0.05+0.04−0.03 ∼ 0.001 0.04
+0.02
−0.02 0.09
+0.06
−0.05 1.25
+0.27
−0.31
B− → h01(1170) 1.08
+0.55
−0.44 0.02
+0.01
−0.01 0.43
+0.25
−0.20 1.53
+0.80
−0.65 2.41
+0.37
−0.31
1.38+0.70−0.56 0.02
+0.01
−0.01 0.54
+0.31
−0.26 1.94
+1.02
−0.82 2.42
+0.39
−0.32
B− → h01(1380) 0.23
+0.12
−0.10 ∼ 0.004 0.09
+0.05
−0.04 0.32
+0.17
−0.14 2.64
+0.45
−0.35
0.01+0.01−0.01 < 0.001 0.01
+0.00
−0.0.00 0.02
+0.01
−0.01 2.45
+0.32
−0.30
B¯s → K
+
1 (1270) 3.65
+2.27
−1.87 0.08
+0.05
−0.04 2.01
+1.21
−1.00 5.75
+3.49
−2.89 1.74
+0.30
−0.30
0.01+0.04−0.00 < 0.001 0.03
+0.05
−0.03 0.04
+0.06
−0.02 0.16
+4.00
−0.15
B¯s → K
+
1 (1400) ∼ 0.005 < 0.001 0.03
+0.04
−0.03 0.03
+0.05
−0.02 0.16
+4.05
−0.15
3.00+1.87−1.54 0.06
+0.03
−0.03 1.59
+0.96
−0.79 4.65
+2.82
−2.34 1.83
+0.31
−0.31
TABLE XI: The same as Table X except b→ uτ ν¯τ .
BrL Br+ Br− Brtotal BrL/BrT
B¯0 → a+1 0.69
+0.44
−0.36 0.03
+0.01
−0.01 0.62
+0.33
−0.27 1.34
+0.78
−0.63 1.06
+0.18
−0.20
B¯0 → b+1 0.88
+0.45
−0.36 0.02
+0.01
−0.01 0.36
+0.21
−0.17 1.26
+0.66
−0.54 2.32
+0.38
−0.29
B− → f01 (1285) 0.39
+0.25
−0.20 0.02
+0.01
−0.01 0.34
+0.18
−0.14 0.74
+0.43
−0.35 1.08
+0.19
−0.21
0.36+0.23−0.19 0.02
+0.01
−0.01 0.32
+0.17
−0.13 0.70
+0.40
−0.32 1.09
+0.19
−0.21
B− → f01 (1420) ∼ 0.001 < 0.001 ∼ 0.001 ∼ 0.001 0.96
+0.40
−0.53
0.02+0.01−0.01 ∼ 0.001 0.02
+0.01
−0.01 0.03
+0.02
−0.02 1.08
+0.23
−0.27
B− → h01(1170) 0.47
+0.24
−0.19 0.01
+0.01
−0.01 0.21
+0.12
−0.10 0.70
+0.37
−0.30 2.12
+0.33
−0.27
0.60+0.31−0.25 0.02
+0.01
−0.01 0.27
+0.15
−0.13 0.89
+0.47
−0.38 2.13
+0.34
−0.27
B− → h01(1380) 0.09
+0.05
−0.04 ∼ 0.002 0.04
+0.02
−0.02 0.13
+0.07
−0.05 2.23
+0.38
−0.29
0.01+0.00−0.00 < 0.001 ∼ 0.002 0.01
+0.00
−0.00 2.09
+0.26
−0.25
B¯s → K
+
1 (1270) 1.59
+0.98
−0.81 0.05
+0.03
−0.03 0.98
+0.59
−0.49 2.62
+1.58
−1.31 1.54
+0.27
−0.27
∼ 0.003 < 0.001 0.01+0.02−0.01 0.02
+0.03
−0.01 0.17
+3.58
−0.12
B¯s → K
+
1 (1400) ∼ 0.002 < 0.001 0.01
+0.02
−0.01 0.01
+0.02
−0.01 0.18
+3.57
−0.12
1.18+0.73−0.60 0.04
+0.02
−0.02 0.71
+0.43
−0.36 1.93
+1.17
−0.97 1.58
+0.27
−0.27
E. More Discussions on the Mixing between K1A and K1B
As pointed out, the B → K1(1270) and B → K1(1400) form factors have either quite large or quite small values,
for the mixing angles are ±45◦. Actually, these two values are just chosen for illustration, as the determination in
τ decays are not stringent. There are some attempts to determine the mixing angles between the two K1 mesons
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FIG. 3: The dependence of ratios of branching fractions on the mixing angle θK as discussed in the text. The left diagram (a)
denotes the ratio
BR(B¯0→D+K−1 (1270))
BR(B¯0→D+pi−)
, while the right diagram (b) denotes the ratio
BR(B¯0→D+K−1 (1400))
BR(B¯0→D+pi−)
. The uncertainties
caused by the Gegenbauer moment a
||K1B
0 are shown in these diagrams: the red solid line denotes the central value, while the
blue short-dashed (green long-dashed) line denotes the lower (upper) uncertainty.
in B meson decays. For example, the authors in Ref. [23] found that the mixing angle between K1A and K1B is
two-fold: θ = 38◦ or θ = 50◦. However, their determination depends on the LFQM predictions on the B → A form
factors, which is model-dependent. To reduce the uncertainties caused by the dynamics of strong interactions, we
propose to use the B¯0 → D+K−1 decay to extract the mixing angle between these two mesons. The dynamics of this
charmful decay is very similar to that of B¯0 → D+π−. Neglecting the higher power corrections, the decay amplitudes
of B¯0 → D+M− (M− denotes π− or K−1 ) can be factorized into the B → D form factor and a convolution of a hard
kernel with the light-cone distribution amplitude of the emitted light meson [40]. To the leading order in αs, the
convolution reduces to the decay constant of the emitted light meson. Then the factorization formula is proved to
have the form:
A(B¯0 → D+M−) = GF√
2
m2BfMF
B→D
0 (1 − r2)3VcbV ∗ud(s)a1, (60)
where r = mD/mB. Due to the small value for the longitudinal decay constant fK1B , the decay amplitude of
B¯0 → D+K1B is very small. Thus the physical decay channels receive the leading contributions from B¯0 → D+K1A.
Utilizing the B → D form factors which are well explored in the heavy quark effctive theory, we can directly present our
predictions on B¯0 → D+K1 decays, if the mixing angle is known. On the other hand, one can also obtain the mixing
angle, if the experimental data on the branching ratio is provided. In practice, in order to reduce the uncertainty
from the nonperturbative inputs, one can use the experimental data of the branching fraction of B¯0 → D+π− instead
of any theoretical model. The ratios of branching fractions are given as
R ≡ BR(B¯
0 → D+K−1 )
BR(B¯0 → D+π−) =
f2K1 |Vus|2
f2pi|Vud|2
, (61)
where fK1 is the decay constant for a physical state.
In the ratios for the two channels B¯ → DK1(1270) and B¯ → DK1(1400), the main uncertainties come from the decay
constants ofK1(1270) andK1(1400) which are combinations of the two decay constants fK1A and fK1B = fK1B×a‖K1B0 .
From the table II and III, we can see the parameter a
‖K1B
0 has the largest uncertainty. In Fig.3, we plot the
dependence on the mixing angle of the branching ratios utilizing the decay constants evaluated in the sum rules and
we also take the uncertainty of a
‖K1B
0 into account for the error estimation: the left diagram (a) denotes the ratio
BR(B¯0→D+K−1 (1270))
BR(B¯0→D+pi−) , while the right diagram (b) denotes the ratio the ratio
BR(B¯0→D+K−1 (1400))
BR(B¯0→D+pi−) . The uncertainties
caused by the Gegenbauer moment a
||K1B
0 are shown in these diagrams: the red solid line denotes the central value,
while the blue short-dashed (green long-dashed) line denotes the lower (upper) uncertainty. Once the experimental
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data are available in the future, these two diagrams can be used to extract the mixing angles in model-independent
way. As an illustration, we will give our predictions utilizing the decay constants extracted from the τ decays. The
branching ratio of B¯0 → D+π− has been averaged as [7]:
BR(B¯0 → D+π−) = (2.65± 0.15)× 10−3, (62)
which gives the following predictions on the branching fractions:
BR(B¯0 → D+K−1 (1270)) = (2.1± 0.5)× 10−4, (63)
BR(B¯0 → D+K−1 (1400)) = (1.2+1.8−1.2)× 10−4. (64)
These results will be certainly tested on the future experiments and the measurements are very helpful to detect the
internal structure of K1(1270) and K1(1400).
IV. SUMMARY
The PQCD approach is based on kT factorization where we keep the transverse momentum of valence quarks in
the mesons to smear the endpoint singularity. kT resummation of double logarithms results in the Sudakov factor.
Resummation of double logarithms from the threshold region leads to the jet function. Sudakov factor and jet function
can suppress the contribution from the large b region and small x region, respectively. This makes the PQCD approach
self-consistent. Inspired by the success of the PQCD approach in non-leptonic B decays [41], we give a comprehensive
study on the charmless B → A transition form factors and the semileptonic B → Alν¯ decays in the PQCD approach.
Semi-leptonic and radiative decays are somewhat simpler than non-leptonic decays as only one hadronic meson
involved in the final state. In this case, the dominant amplitude can be parameterized into form factors. In order to
make precise prediction and extract the CKM matrix elements, we have to know the behavior of form factors. In the
PQCD approach, the final state meson moves nearly on the light-cone and a hard-gluon-exchange is required. Thus
the dominant contribution is from the hard region which can be factorized. In section III, we have used the same
input hadronic parameters with Ref. [18] and updated all the B → V decay form factors in the PQCD approach.
Compared with the results evaluated from other approaches, we find that despite a number of theoretical differences
in different approaches, all the numerical results of the form factors are surprisingly consistent with each other.
In section III, we study B → A form factors. As the quark contents for the axial-vectors have not been uniquely
determined, we give two different sets of results for the form factors according to different mixing angles. For the
axial-vector mesons f1, we have used the mixing angle between the octet and singlet: θ = 38
◦(50◦) which is close to
the ideal mixing angle θ = 35.3◦. With this mixing angle, one can easily check that the lighter meson f1(1285) is made
almost up of u¯u+d¯d√
2
while the heavier meson f1(1420) is composed of s¯s. Thus partial decay widths of B → f1(1420)lν¯
and Bs → f1(1285)lν¯ are suppressed by the flavor structure.
The mixing angle between the two strange mesons K1(1270) and K1(1400) has large ambiguities. In order to reduce
these ambiguities, we propose to use the B¯0 → D+K−1 decay to extract the mixing angle between these two mesons.
Our method is model-independent which receives very small uncertainties. In Fig. 3, we show the strong dependence
of the B¯0 → D+K1 decay branching ratio on the mixing angle θK . Our calculation can be used to constrain this
mixing angle using experimental measurements. These studies of higher resonance production in B decays can help
us to uncover the mysterious structure of these excited states.
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APPENDIX A: PQCD FUNCTIONS
In this appendix, we group the functions which appear in the factorization formulae. The hard scales are chosen as
t1e = max{
√
x2mBtc, 1/b1, 1/b2}, t2e = max{
√
x1mBtc, 1/b1, 1/b2}, (A1)
where tc is a factor varying from 0.75 to 1.25 for error estimations.
The functions hi in decay amplitudes are from the propagators of virtual quark and gluon and are defined by:
he(A,B, b1, b2) =
[
θ(A)K0(
√
AmBb1) + θ(−A)iπ
2
H0(
√
−AmBb1)
]
×
{
θ(b1 − b2)
[
θ(B)K0(
√
BmBb1)I0(
√
BmBb2)
+θ(−B)iπ
2
H
(1)
0 (
√
−BmBb1)J0(
√
−BmBb2)
]
+ (b1 ↔ b2)
}
, (A2)
where H
(1)
0 (z) = J0(z) + iY0(z).
The Sudakov factor from threshold resummation is universal, independent of flavors of internal quarks, twists, and
the specific processes. To simplify the analysis, the following parametrization has been used [21]:
St(x) =
21+2cΓ(3/2 + c)√
πΓ(1 + c)
[x(1 − x)]c , (A3)
with c = 0.4±0.1. This parametrization, symmetric under the interchange of x and 1−x, is convenient for evaluation
of the amplitudes. It is obvious that the threshold resummation modifies the end-point behavior of the meson
distribution amplitudes, rendering them vanish at x→ 0 or 1.
Function Sab(t) in Sudakov factors is given by
Sab(t) = SB(t) + S2(t)], (A4)
in which SB(t) and S2(t) are defined as
SB(t) = s
(
x1
mB√
2
, b1
)
+
5
3
∫ t
1/b1
dµ¯
µ¯
γq(αs(µ¯)), (A5)
S2(t) = s
(
x2
mB√
2
, b2
)
+ s
(
(1− x2)mB√
2
, b2
)
+ 2
∫ t
1/b2
dµ¯
µ¯
γq(αs(µ¯)), (A6)
with the quark anomalous dimension γq = −αs/π. The explicit form for the function s(Q, b) is:
s(Q, b) =
A(1)
2β1
qˆ ln
(
qˆ
bˆ
)
− A
(1)
2β1
(
qˆ − bˆ
)
+
A(2)
4β21
(
qˆ
bˆ
− 1
)
−
[
A(2)
4β21
− A
(1)
4β1
ln
(
e2γE−1
2
)]
ln
(
qˆ
bˆ
)
+
A(1)β2
4β31
qˆ
[
ln(2qˆ) + 1
qˆ
− ln(2bˆ) + 1
bˆ
]
+
A(1)β2
8β31
[
ln2(2qˆ)− ln2(2bˆ)
]
, (A7)
where the variables are defined by
qˆ ≡ ln[Q/(
√
2Λ)], bˆ ≡ ln[1/(bΛ)], (A8)
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and the coefficients A(i) and βi are
β1 =
33− 2nf
12
, β2 =
153− 19nf
24
,
A(1) =
4
3
, A(2) =
67
9
− π
2
3
− 10
27
nf +
8
3
β1ln(
1
2
eγE ), (A9)
nf is the number of the quark flavors and γE is the Euler constant. We will use the one-loop running coupling
constant, i.e. we pick up only the four terms in the first line of the expression for the function s(Q, b).
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